as implemented in the VASP code [9] [10] [11] with PAW (projector-augmented wave) pseudopotentials. This work is intended to provide insight into surface atomic structure and atomic structure data that may be employed in future simulations of dissolution of lithium manganate spinel in acid 12, 13 . The atomic structure input data may also provides input for simulations of lithium manganate interfaces, for example with protective coatings 14 or electrolyte.
A periodically repeated slab geometry is convenient for surface calculations. Since the low-index orientations are polar (Tasker type III 15 ), an unphysical dipole moment perpendicular to the slab occurs unless surface defects (e.g., vacancies), surface electronic states, or other reconstructions, are introduced 16 . To reduce the computational burden, only compositions with ideal stoichiometry (canonical ensemble) are considered in this work. Ideal stoichiometry is maintained by transferring atoms from one surface of the slab to the opposite surface 17 .
Given the variety of terminations that are possible, the identification of common features of lithium manganate surfaces is of particular interest. In this work, we consider all low index surface terminations derived from a symmetry plane (so that the slab may be constructed with essentially identical top and bottom surfaces), and, additionally, the oxygen terminated (111) surface, which is asymmetrical. This set of seven terminations [two (001), two (110) and three (111)], are sufficient to reveal some pervasive features of lithium manganate spinel free surfaces, including the reduced average oxidation state of Mn ions near the surface, the presence of Mn coordination numbers that range from three to five (in contrast to octahedral coordination in the bulk) and the absence of non-bridging (singly coordinated) oxygen at flat surfaces.
In recent years, first-principles simulations of several binary oxide surfaces, such as MnO 18 , have been performed as a function of oxygen partial pressure, within the grand canonical ensemble. In such simulations, a small number of candidate reconstructions is identified, and the surface free energy evaluated for each. A recent grand canonical ensemble surface simulation has been performed for the ternary, LiCoO 2 19 . For many ternaries, however, the large number and complexity of candidate reconstructions may make this approach prohibitive, and the present work is performed within the canonical ensemble. In this work, instead of attempting to select relevant candidate surface structures, we employ first principles molecular dynamics to explore the phase space of possible reconstructions. In the case of the Mn-terminated (111) surface, an atomic rearrangement and ordering was found in which the three components are mixed to form a composite stoichiometric surface layer with square planar coordination of Mn ions in the surface plane. Direct experimental tests of this prediction are not presently available. The prediction suggests, however, that the bulk-terminated surface is highly unstable, and that extensive atomic rearrangements of (111) surfaces are likely.
In the analysis presented in the following sections, we focus on surface Mn oxidation states and coordination numbers, which are relevant to the surface reactions of lithium manganate, to be addressed in future work. We consider here only pristine surfaces, although hydroxylation is a ubiquitous feature of real surfaces 20 . Despite the difficulty of measurements, pristine surfaces are an important benchmark for simulation.
II. II. SLAB REPRESENTATION OF LITHIUM MANGANATE SURFACES
We outline here the construction of bulk-terminated slabs, which are employed as (pre-relaxation) input atomic position data in the VASP calculations. The degrees of freedom of the slab include (a) the surface orientation, (b) the termination plane, (c) the size of the slab unit cell parallel and perpendicular to the surface (slab thickness), and (d) the configuration of surface vacancies, introduced to cancel the surface dipole moment 16, 17 , which would otherwise result in energy divergences for Tasker type III surfaces in the limit of thick slabs. We consider the low-index surface orientations (001), (110), and (111). Specification of the degrees of freedom (b)-(d) is described in the following subsections.
A. Slab layer sequences
All surface terminations obtained from symmetrical cleavage planes for low index surfaces are considered in this work. In addition, asymmetrical O-terminated surfaces for the (111) surface are addressed. Altogether, two (001) terminations, two (110) terminations, and three (111) terminations are considered. For slab terminations associated with symmetrical cleavage planes, the macroscopic electrostatic dipole moment is automatically canceled when the half of the atoms in the bulk termination layer are assigned to the top and half to the bottom layer of the slab, which results in a termination layer vacancy concentration C v = 1/2. For slabs derived from asymmetric cleavage planes, a different vacancy concentration is required to cancel the macroscopic dipole moment 17 .
The underlying layer sequences for low-index orientations, from which the various terminations are derived, are reviewed in the following subsections. Two symmetry planes occur in the (111) layer sequence, both of which correspond to Mn-bearing termination surfaces. The cleavage plane in one case is at a pure Mn layer sandwiched between oxygen layers, and in the other is at the center of a L,M,L composite layer. The layer sequence for the first such termination (at ideal stoichiometry) is
The ( surface vacancies are not considered in the present work.
As mentioned above (item (c)), the size of the unit cell parallel and perpendicular to the surface e.g., the number of such stacking units perpendicular, n perp , and parallel, n par , to the surface, must be specified to fix the number of degrees of freedom for the slab. The minimal value of n par is 2 in this case, to give integral numbers of atoms in the (top and bottom) terminating layers of the periodic unit cell of the slab.
The sequence of layers for cleavage at the (L,M,L) layer is
and the corresponding stoichiometric stacking unit
A stoichiometric slab terminated at the oxygen layer has the sequence
Since cleavage is at an asymmetrical plane in this case, the dipole-moment canceling value 17 of C v deviates from one half. If we assume (bulk average) charges of -2, +3.5, and +1 on oxygen ions , Mn ions , and Li ions, respectively, we obtain C v = 0.3125. Therefore C v ≈ 5/8 and three of eight oxygen sites are left vacant in the termination layer above a Mn layer, and five oxygen sites are vacant at the opposite termination layer.
The initial atomic coordinates for a bulk-terminated slab can be fixed by specifying the termination, the slab size parameters n perp and n par , and the vacancy arrangement of the terminating layers. For (111) slabs, we have selected 
(001) surface
The layer sequence for a slab with (001) orientation may be regarded as an alternation between M 4 O 8 and L 2 layers, and each type of layer is a possible symmetric cleavage plane. The layer sequence for the MO termination is thus
and the stoichiometric stacking unit is 1/2(
The termination-layer unit cell employed for the MO termination is illustrated in Fig. 2 . To test the convergence of the calculations with slab thickness, calculations were performed for for two slab thicknesses, for the MO termination, with n perp = 4 and 8, which correspond to 56 and 112 atom unit cells, respectively. The larger of these corresponds essentially to the cell size employed by Ouyang, et al. 8 .
(110) surface
An alternation occurs between LMO 2 and MO 2 layers in slabs with (110) orientation, each of which presents a symmetric cleavage plane. Thus the sequence for the MO termination is
and the stoichiometric stacking unit is 1/2(MO 2 );LMO 2 ;1/2(MO 2 ). The termination-layer unit cell for the MO termination is illustrated in Fig. 3 . (110) surface calculations were performed for 84-atom unit-cell slabs.
III. III. METHOD OF CALCULATION
The GGA+U approximation was employed in this work, as implemented in the VASP code, version 4. The initial relaxation calculation for each slab was performed with conjugate gradients. First principles molecular dynamics thermalization simulations at 300K were then performed for a simulation time of the order of one picosecond on the relaxed slabs to minimize the likelihood of trapping in a local energy minimum configuration. Conjugate gradient relaxation was then alternated with first principles molecular dynamics simulation until a relatively low energy plateau was reached, and the atomic structure was reasonably well converged; structural convergence may require a long simulation time. In the case of the Mn-terminated (111) surface, which exhibited the most extensive atomic rearrangement, the MD simulation was continued for a total time of about ten picoseconds. For the (001) and (110) surfaces, the thermalization/conjugate gradient steps did not appreciably lower the energy, or change the structure, from that obtained in the initial relaxation.
IV. IV. RESULTS

A. Cleavage energy
The cleavage energy (energy difference between the slab with atoms in ( 
B. Surface relaxation
The (111) surfaces show the most extensive atomic rearrangements of the low index surfaces. The results are presented in the following sections.
Mn-terminated (111) surface reconstruction
A snapshot of the final reconstructed atomic configuration of the Mn-terminated (111) surface is shown in Fig. 5 , in which the atomic positions are projected onto a plane perpendicular to the layers. (For better visualization, the plotted volume includes eight times the number of atoms in the computational cell, 672 atoms, so that the box that encloses the atoms in the figure is roughly cubic.) Atoms in ideally flat atomic layers would fall on a straight line in this projection. Owing to the Jahn-Teller distortion, however, a similar projection of a slab with bulk-terminated atomic coordinates shows some layer rumpling, particularly the oxygen layers (Fig. 6 ).
Whereas bulk (111) layers are of three types, M, O, and L,M,L, (Fig. 6 ), the reconstructed slab shows a termination layer (LMO) that mixes all three components. The reconstruction may be viewed as a migration of the oxygen atoms in the second layer toward the surface to improve bonding with the terminating M layer; L atoms from (the top sublayer of) the LML layer are then drawn towards the surface in the wake of the oxygen atoms to help maintain electrostatic balance.
The atomic rearrangement during reconstruction can be described schematically by the reaction
thus, in the reconstructed surface, a mixed LMO layer of stoichiometric composition is superposed on a slab with the (L,M,L) termination (cf. sequence (2)). We note that this LMO layer bears a negative charge, since Mn atoms in this layer are predominantly trivalent, as described below.
A planar projection of the reconstructed LMO termination layer is shown in Fig. 7 . The Mn ions are coordinated in distorted square planar complexes, with mutual edge and corner sharing. The Li ions are three-fold coordinated.
The square-planar configuration is favorable for trivalent Mn from a crystal-field viewpoint since the e g (3z Since all Mn ions in the the reconstructed stoichiometric LMO layer of the reconstructed (111) surface (Fig. 5 ) are trivalent (rather than, say, half trivalent and half tetravalent, as in the bulk), the LMO layer is negatively charged.
The surface LMO layer is therefore electrostatically attracted to the positively-charged interior of the slab, although cation-cation repulsion keeps the LMO layer separated from the M,L layer by about 0.2 nm (Fig. 5 ).
Non-square-planar fourfold-coordinated Mn also occurs (for example, the (001)MO termination and the (110) LMO termination the Mn-termination is not the one with the lowest surface energy (Table III) .
Because of its relatively high energy, the significance of the reconstructed Mn-terminated (111) surface remains in question. The large decrease in the Mn-terminated (111) surface energy for the reconstructed surface, relative to the cleavage energy, indicates that the driving force for reconstruction of such a surface would be strong. That the reconstruction can be accomplished by a rearrangement that results in square-planar Mn coordination, with the three components mixed in stoichiometric proportions, appears not to have been previously noticed.
The reconstruction of the Mn-terminated (111) surface may lead one to hypothesize that all Mn terminated surfaces must also contain oxygen in the termination layer for stable bonding. One may wonder, for example, whether layer mixing at the M,L-terminated (111) surface would occur, in which O migrates to the surface, to improve the coordination of the surface layer Mn ions. Such a reconstruction, however, was not observed in our room temperature molecular dynamics annealing simulations. It is possible that higher temperature annealing simulations would yield in a different reconstruction.
C. Implications for dissolution
Classical dissolution (and crystal growth) models 26 generally assume that dissolution (and growth) occurs primarily at steps, and is essentially negligible for flat surfaces. Our models predict low coordination numbers and oxidation states at the surface, relative to the bulk of LiMn 2 O 4 . Significant dissolution rates may require even larger coordination deficits than occur at the nominally flat surfaces addressed in this article. Such larger coordination deficits, including non-bridging oxygen, occur, for example, at steps, pits, dislocations, and edges. Consider, for example, an event at a flat surface in which a neighboring Mn 2+ and an O 2− ion dissolve. We have found (Table I) that Mn has a minimum coordination number of 3 and oxygen a minimum coordination number of 2. If the two ions are bonded to each other, the total number of (M-O) bonds of the dissolving pair with with the substrate that must be broken for dissolution is at least 3. In the presence of defects, such as steps, however, the required number of bonds could be lowered. Perhaps only when the number of bonds with the substrate to be broken is as low as 2 is the dissolution rate significant.
Further work is necessary to explore this hypothesis.
VI. VI. CONCLUSIONS
We consider the following results of the GGA+U simulations of lithium manganate surfaces presented in this article noteworthy:
1. The Mn-terminated (111) interface is predicted to reconstruct so as to form a top layer in which the three components are mixed in stoichiometric proportions, and the Mn is square-planar coordinated.
2. All of the terminations and orientations showed an average surface-Mn oxidation state reduced relative to the bulk.
3. Surface-Mn coordination numbers vary between 3 and 5; the oxygen coordination number (bonds to Mn) is no less than 2 at flat surfaces. Three-coordinated surface Mn is divalent.
4. The lowest energy surface is Li-terminated (001), consistent with the lowest energy surface for MgAl 2 O 4 , Mgterminated (001). 
